Critical tion about the extent and timing of visual plasticity in roperiod for the monocular deprivation effect in rats: assessment with dents. We chose to use rats rather than mice because of their sweep visually evoked potentials. J. Neurophysiol. 81: 121-128, larger size. We chose pigmented Long Evans rats because 1999. Rats and mice are the species most frequently used for cellu-of their superior vision relative to albino rats. lar and biochemical studies of plasticity, but only a few studies There was one recent study of the critical period for monhave examined developmentally regulated visual plasticity in these ocular deprivation in rats. Fagiolini et al. (1994) recorded species. Here we report a study of the critical period for monocular from single units in the primary visual cortex and assessed deprivation in Long-Evans rats in which visual pattern sweep the effect of monocular deprivation on the development of evoked potentials (sweep VEP) was used. Successful recording visual receptive fields. They found a monocular deprivation of sweep VEPs depended on establishing a stable light plane of anesthesia. We found a mixture of halothane and NO 2 to be suit-effect following 10 days of eyelid closure from P23 to P33. able. During a single trial lasting 10 s, anesthetized rats (n Å 28) In a study on mice, Gordon and Stryker (1996) observed a viewed a sinusoidal contrast grating (spatial frequency of 0.13 monocular deprivation effect with 4 days of lid closure from cycles/deg) that reversed phase at 3 Hz. During the trial, the grat-P29 to P32, and a smaller effect with closure from P23 to ing contrast increased logarithmically from 1 to 70%. Extracellular P28; they observed no monocular deprivation effect with recording pipettes were placed bilaterally in layers II/III of the closure from P32 to P36 or later. By measuring the visual binocular regions of primary visual cortex. Stimulating the right response with the visual pattern sweep evoked potentials and left eye on alternate trials, sweep VEP amplitudes were col-(sweep VEP), we observed robust visual plasticity at later lected for 30 trials from each eye. In monocularly deprived animals, ages than those examined in previous studies. Furthermore, the right eyelid had been sutured for 5 days before recording. Age we were unable to detect a decrease in the monocular depriat suture varied from P19 to P86. In 12 of 13 rats sutured between P19 and P50, the crossed response from the deprived eye was vation effect in animals deprived prior to P28. Because Gorsmaller than the crossed response from the nondeprived eye. The don and Stryker studied mice, not rats, their results may not same relation prevailed for the uncrossed responses in 11 of 13 be comparable with ours or with those of Fagiolini et al.
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animals. There was no significant monocular deprivation effect in
We recorded the cortical field potential evoked by a patanimals sutured between P55 and P86 (n Å 9). Dark rearing until tern stimulus. Recording electrodes were placed in the binocapproximately P90 followed by 5 days of eyelid suture resulted in a ular portion of the primary visual cortex (V1) bilaterally, strong monocular deprivation effect in both crossed and uncrossed where they picked up the summed currents from a population pathways (n Å 3). There was little effect of dark rearing alone on of cortical neurons that receive competing inputs from both the size the sweep VEPs (n Å 3). The critical period reported here eyes. With this technique one can efficiently evaluate the lasts at least 2 wk longer than reported for rats by Fagliolini et al. monocular deprivation effect in a single animal in a few and for mice by Gordon and Stryker. Both previous studies used single unit recording rather than the sweep VEP method.
hours. A special advantage is that this technique is used extensively in humans, and it is known that the contrast threshold as measured with sweep VEPs is quite similar to I N T R O D U C T I O N the psychophysical threshold (Allen et al. 1986 ). The monocular deprivation effect pioneered by Wiesel and Hubel (1963) is the classic model system for studies
of experience dependent remodeling in the cerebral cortex. Wiesel and Hubel found that if one eye is deprived of visual Animals experience during infancy, most cells in the visual cortex fail to respond to that eye. Most studies of monocular deprivation
We used 22 normally reared and 6 dark reared Long-Evans rats. All procedures were approved by the University of Oregon have been performed in cats and monkeys because these Institutional Animal Care and Use Committee. Normally reared higher mammals are thought to have visual capacities similar rats were on a L:D 12:12 h light cycle (LD). The LD rats were to humans. For studies of cortical development at the cellular given monocular deprivation by eyelid suture for 5 days before level, however, rodents are superior to cats and monkeys. recording. The sutures were performed at various ages between We know more about the biochemistry, genetics, neural de-P19 and P86. The age of LD animals is reported as postnatal days velopment, and synaptic physiology of the rat brain than we at the time of suture. We obtained recordings from six more rats know about the cat and monkey brain. Rodents are also less after they were reared in continuous darkness (DD) from birth to expensive and have a shorter generation time. Therefore about 90 days. The mothers of dark reared rats were transferred to research on the cellular mechanisms of experience dependent continuous darkness 2 days before delivery. Photographic films (both T-MAX 400 and TMZ p3200) were left in the dark room plasticity in visual cortex will benefit from precise informa- and developed once per week. No light exposure was detected. inserted subcutaneously into the right rear and left front legs to continuously monitor the EKG on an oscilloscope and loudspeaker. Rats were handled in the dark with an infrared viewing system (950 nm). For comparability with the LD rats, the reported age of The rat rested on a water circulating heating pad adjusted to maintain rectal temperature at 37.5 { 0.5ЊC d. The rats were slightly DD rats is their age 5 days prior to recording. Three DD rats, P85, P86, and P89 were recorded from without experiencing monocular hyperventilated, and CO 2 was added to the inspired gas to produce 4.5% CO 2 in the expired gas. About once per hour we injected deprivation. The other three DD rats were given 5 days of monocular deprivation in LD beginning at P87, P90, and P94. saline subcutaneously, not exceeding 7 mlrkg 01 rh 01 . The rats were held in a stereotaxic instrument modified to permit full field vision. Using a surgical microscope, we made craniotoEye suture mies Ç1.5 mm diam over the binocular portion of the primary visual cortex of both hemispheres using a Dremel tool. Care was Under isoflurane anesthesia, the left eye was protected from taken to avoid touching the brain or causing it to bleed. Continuous desiccation with Tear-Gel (Ciba Vision), and the area around the superfusion with saline prevented the cortex from drying. After right eye was cleaned with isopropyl alcohol and Betadine. Using removal of the dura, electrodes were positioned 300-400 mm antea surgical microscope and sterile technique, the lids margins were rior to the lambda suture and 4.2-4.8 mm lateral to the midline, trimmed and closed with three or four horizontal mattress sutures, depending on the size of the skull; the smaller skulls of younger rats using 6/0 or 7/0 surgical silk. A final layer of tissue adhesive were accommodated by proportional adjustments of coordinates. (Vetbond) strengthened the lid closure. Ophthalmic antibiotic ointInjection of dexamethasone (0.125 mgrkg 01 rh 01 ) controlled ment was applied. During surgery, rectal temperature was moniedema. tored and maintained at 37-38ЊC by a heating pad under the aniWe opened the sutured eye, rinsed it with ophthalmic saline, mal. Dark reared rats were anesthetized for eye suturing before and treated it with Tear-Gel. To keep the eye lids open and the light exposure. Rats were inspected daily for general good health, eyes in their forward position, two Minuten pins (Carolina Biologisigns of discomfort, and suture integrity. cal) were inserted through the conjunctiva at the point where it joins the sclera. One pin was positioned above the pupil and the
Preparation for recording
other below so that the pupils were bilaterally symmetric and not dilated. Both pupils were visible from in front of the rat and were We induced anesthesia with 3% halothane carried in 65% NO 2 -not obviously misaligned. Finally, the cortex was penetrated with 35% O 2 . We switched to 1.5% halothane administered through a the recording pipette, taking care to avoid rupture of visible blood nose cone, performed a tracheotomy, and inserted an endotracheal vessels. tube. Thereafter respiration was controlled by a pump operating at 70-160 breaths/min and providing a gas flow of 200-1,000 ml/ min. The pumping rate and stroke volume were adjusted to match Recording the respiratory movements of the anesthetized rat. Small rats required much less gas than large rats. The corneas were protected
We used Ag-AgCl 2 electrodes in glass pipettes containing 0.9% NaCl. The electrodes had a tip diameter of Ç8 mm and an impedance with Tear-Gel (applied every 2 h), and 27 gauge needles were J1049-7 / 9k30$$ja05
12-29-98 22:47:10 neupa LP-Neurophys FIG . 2. Contrasts sensitivity of the 4 pathways of a single P37 rat averaged more than 30 trials for each eye. Each pathway shows the 30-trial average signal (q) or noise () at each value of contrast. Crossed pathways produce greater signal relative to the noise than the uncrossed pathways. Nondeprived pathways produced a greater signal to noise ratio than did the corresponding deprived pathways.
of 0.5 to -3.0 MV. The pipette tip was placed in layer II/III by ably deteriorated. Deterioration was indicated by a decrease in the high-frequency component of the cortical EEG or an increase in lowering it vertically 600 mm below the surface and then retracting 50 mm to remove the surface dimple. Cortical field potentials from high-amplitude, low frequency components. each hemisphere were amplified differentially, displayed on an oscilloscope and fed to a digitizer. We reduced the halothane dose to Data collection 0.9%, and collected data when a state of light anesthesia appeared.
Responses were recorded simultaneously from both hemispheres Good recordings were obtained when electroencephalegram (EEG) using two symmetrically placed pipettes. Prior to each experiment, lacked obvious slow waves below 10 Hz, inspired halothane was electrode placement in the binocular portion of primary visual 0.9-1.2%, expired CO 2 was 4.3-4.7%, rectal temperature was cortex was verified by recording the sweep VEP of the uncrossed 37.5 { 0.5, there was no brain bleeding or bruising, there was little pathway of the nondeprived eye (left cortex, left eye). If a response brain swelling, respiration was unlabored, feet and mouth parts were was not obtained, the electrodes were repositioned. Relocation of pink, spontaneous breathing was delayed for several seconds when the recording pipette was always matched stereotaxically by a mirthe respiration pump was momentarily turned off, and a pinch of the ror symmetric relocation on the opposite side. In dark reared anihind toes evoked a weak withdrawal reflex that was confined to the mals both eyes were deprived, and this preliminary test could not stimulated limb. When this favorable state appeared, it often persisted be applied. To ensure that the ocular occluders were effective, for more than an hour, which was more than sufficient time to collect several rats were given a series of trials with both eyes occluded; the data. We were unable to obtain the required state of the EEG or no responses were observed. to record pattern evoked responses in rats younger than P23 at the When data collection was complete, the fluid in the recording time of recording (P19 suture age).
pipettes was replaced with a solution of 2% pontamine blue in 0.5 M acetate buffer (pH 5.6). Then current (2-10 mA, electrode
Visual stimulus
negative) was passed until a blue spot appeared in the cortex at the pipette tip. The rat was killed with 5% halothane and perfused The stimulus was a sinusoidal contrast grating of constant lumi-transcardially with phosphate buffer saline (PBS) followed by 4% nance displayed on a 19 in. video monitor, 30 cm in front of the paraformaldehyde or 10% formalin. The brain was removed and eyes. Exactly 10 cycles of the grating appeared on the screen stored in 4% paraformaldehyde or 10% formalin until sectioned at yielding a spatial frequency of 0.13 cycles per degree. The grating 30 mm on a cryostat. Sections containing pontamine blue marks reversed phase 6 times per second (3 Hz). The stimulus was pre-were photographed and compared with Paxinos and Watson's sented in a series of 10 s trials; in each trial, the grating contrast (1986) rat atlas for verification of recording sites. started at 1% and increased logarithmically to 70%. Sixty trials were run, switching eyes after each trial. Twenty seconds elapsed Data analysis between trials. The interleaving of right and left eye stimulation controlled for minor, unnoticed variations of anesthesia state. The
The display and analysis were controlled by an Apple II computer and custom hardware described previously in Norcia et al. To experiment on this animal had been completed. On trial describe the average response as a function of contrast for each 65, the EEG showed robust high frequencies and lacked animal, we averaged all 30 trials for each data set. For statistical slow waves; concomitantly there was a clear response to analysis, the mean (30 trials) signal to noise ratio (S/N) in the the counterphase grating. As contrast increased from 1 to crossed pathway and in the uncrossed pathway of each eye was 70%, the 6 Hz component of the EEG rose above the used as the index of response strength. Changes in the signal to noise, and the phase of the response became locked to the noise ratio were mainly due to changes in signal; the noise varied stimulus. The growth of the 6 Hz component can actually The purpose of taking the logarithm is to cast the deprivation The optimal state of the EEG was more easily produced scores into an approximately normal distribution for running with a mixture of halothane and nitrous oxide than with parametric tests of statistical significance. A deprivation effect other anesthetic agents we tested. In pilot experiments we is indicated when D õ 0. D was calculated separately for the tried and rejected urethane, chloral hydrate, ketamine / xycrossed and uncrossed pathways of each rat. For the purpose of lazine, fentanyl / fluanisone, sufentanil / fluanisone, pentostatistical analysis with analysis of variance ( ANOVA ) , the D barbital, and methohexital. Only halothane and nitrous oxscores were categorized into four 20 -day age bins based on age ide permitted minute to minute adjustments of anesthesia at suture: P15 -P34, P35 -P54, P55 -P74, and P75 -P94. As level. The proper EEG occurred at a halothane dose of 0.9 -seen in Fig. 4 , the youngest animal successfully tested was P19 threefold greater than the amplitudes of the uncrossed response (Fig. 2) . The contrast threshold and response amplitude can be estimated from the averaged data for each animal (e.g., Fig. 2 ). In this study we did not analyze the threshold data, instead concentrating on the amplitude. We neglected the threshold for two reasons. First, it was not our aim to measure the contrast sensitivity in the rat. Therefore we did not repeat the measurements at values of spatial frequency other than 0.13 cycles/deg. Second, at 0.13 cycles/deg the contrast threshold does not appear to be very sensitive to the effects of monocular deprivation. Indeed, the contrast threshold was typically about 7% independent of age, pathway, or deprivation. The exception was when there was little or no response to the grating and therefore no threshold at all. This type of exception was frequently seen in young monocularly deprived animals.
Monocular deprivation effect
Average response amplitude was strongly influenced by 5 days of monocular deprivation during the sensitive period. We measured the monocular deprivation effect separately for the crossed and uncrossed pathways. As seen in the example of Fig. 2 , the signal from the nondeprived eye is greater than the signal from the deprived eye in both crossed and uncrossed pathways; the noise is similar in both pathways. Figure 3 shows the 30 trial means and standard errors for each age group. Figure 4 shows the index of the monocular deprivation effect, D, for both individuals and groups, D Å log (S d /N d / S nd /N nd ). In the crossed pathway, D was õ0 in 12 of 13 rats in the two youngest age groups. In the uncrossed pathway, D was õ0 in 11 of 13 animals. The individual scores in Fig. 4 indicate that the monocular deprivation effect occurred in animals as young as P19 and in animals as old as P50. There was no consistent monocular deprivation effect in the two older age groups (n Å 9), in  FIG . 4 . Monocular deprivation index grouped by age and pathway. Age which the youngest animals were sutured at P55. Recording categories are 20 days wide and are the same as used in the ANOVA. locations were successfully marked with pontamine blue for Circles: individual data. Horizontal lines: group means. Vertical lines: {SE. 14 of 22 rats summarized in Figs. 3 and 4 , and in all cases
The youngest animal was sutured at P19, the oldest at P86. These are the the pipette tip was within layer II/III of the binocular area same animals as shown in Fig. 3. of V1 (Fig. 5) .
We tested the statistical significance of the effect of monocular deprivation using ANOVA. The dependent variable we failed to obtain the proper EEG and also failed to obtain was the index of the monocular deprivation effect, D. The reliable evoked responses. We were, however, able to obtwo independent variables were age and pathway. Pathway tain occasional weak responses contralateral to the nondewas categorized as either crossed or uncrossed. Age was prived eye in some animals between P19 and P24 at the categorized into four 20-day bins starting at age P15. The time of recording. data and its categorization are shown in Fig. 4 . The effect of age on the monocular deprivation effect was significant Crossed and uncrossed responses (P Å 0.006). The effect of the pathway was also significant (P Å 0.03), i.e., the monocular deprivation effect was larger In the formal experiment, the stimulus was always prein the uncrossed pathway. The age by pathway interaction sented monocularly and responses were recorded simultanewas not significant (P Å 0.9). Bonferroni paired compariously in both hemispheres. Crossed responses were resons were performed between the groups deprived between sponses recorded in the cortex contralateral to the stimulated P75 and P94 and each of the three younger age groups. The eye, and uncrossed responses were recorded in the cortex difference was significant for the P15 to P34 group (P Å ipsilateral to the stimulated eye. Perhaps because there are 0.007) and P35 to P54 group (P Å 0.009), but not significant more crossed than uncrossed fibers in the rat visual pathway, amplitudes of the crossed responses could be as much as for the P55 to P74 group (P Å 0.8). produced a clear monocular deprivation effect in both Dark rearing crossed and uncrossed pathways (Fig. 7) . This contrasts The amplitudes of sweep VEPs from rats reared in total markedly with the absence of a monocular deprivation effect darkness (DD) for about 90 days (Fig. 6 ) were similar to in LD rats of similar age (Figs. 3 and 4) . The amplitudes the amplitudes from nondeprived eyes in monocularly su-of the sweep VEPs in the deprived pathways of the DDMD tured rats (Fig. 3) . Thus, lack of visual experience, by itself, rats were reduced to a level well below the amplitudes foldid not diminish the amplitude of the sweep VEPs. The lowing dark rearing alone (Fig. 7 cf. Fig. 6 ). Comparing monocular deprivation effect reflects the unequal use of the the DDMD rats with the DD rats, the deprivation index was two eyes.
significantly more negative in the DDMD animals than in the DD animals ( Fig. 8 ; t-test, 1-tail, P õ 0.003, n Å 3, crossed and uncrossed averaged). In this test the right eye Monocular deprivation following dark rearing was the ''nominal'' deprived eye in the DD rats and the Dark rearing had a marked impact on plasticity. Monocu-''actual'' deprived eye in the DDMD rats. The recording locations of all six dark reared rats were successfully marked, lar eyelid suture following 90 days of dark rearing (DDMD) by itself did not diminish the amplitude of sweep VEPs at the spatial frequency tested. and all were within the binocular portion of the primary Our experiments did not establish an age of onset for the visual cortex.
critical period. Following eyelid suture from P19 to P24 we observed a monocular deprivation effect, but we were unable to record reliable responses in rats younger than P24. This D I S C U S S I O N failure may derive from difficulty in establishing the proper Summary of results level of anesthesia in young animals, or it may derive from some type of immaturity of cortical connections that prevents Our aim was to assess in the rat the susceptible period vigorous responses to a counterphase grating. Intracortical for the monocular deprivation effect and the effect of dark connections are probably required for normal receptive fields rearing on this period. Eyelid suture for 5 days beginning in the primary visual cortex (Allison et al. 1995 ; Gilbert and between P19 and P50 produced a monocular deprivation Wiesel 1989; Weliky et al. 1995) . Immaturity of receptive effect; that is, lid suture reduced the amplitude of the sweep field organization, presumably because of the immaturity of VEP in the binocular visual cortex in response to stimulation intracortical connections, was observed in both rats and mice of the deprived eye. Lid suture beginning at P55 or thereafter that are younger than their 5th postnatal week (Fagiolini et did not produce a consistent monocular deprivation effect. al. 1994; Gordon and Stryker 1996) . Rats reared in continuous darkness from birth to about P90
Comparison with previous results
Previous investigations of the monocular deprivation effect in rats and mice have reported a critical period that is shorter than observed here. Fagiolini et al. (1994) found that 10-day deprivations beginning in the 4th postnatal week (at P23) produced a deprivation effect, but that deprivations beginning in the 5th week (at P33) no longer did so. In mice, Gordon and Stryker (1996) found that lid suture beginning during the 4th week produced an effect, but that sutures in the 6th week (P36) did not. In our experiments, deprivations initiated throughout the 6th and 7th weeks (P37-P50), including four after P41, consistently showed a monocular deprivation effect (Fig. 4) .
Several differences between our methods and those of previous investigators can easily account for the differences in the observed length of the critical period. First are the differences in anesthesia. Fagiolini et al. (1994) used urethan, Gordon and Stryker (1996) used barbiturate with chlorprothixene, and we used halothane with nitrous oxide. Be- FIG . 7 . Response amplitude when monocular deprivation followed dark cause we found it difficult to obtain desynchronized EEGs rearing from birth to about P90. Eyelid suture lasted 5 days beginning at P87, P90, and P94. while using urethan or barbiturates, we think it unlikely that J1049-7 / 9k30$$ja05
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